A simple, convenient, and rapid method for determining ammonia in plasma by the glutamate dehydrogenase reaction is described for the centrifugal analyzer. The measuring principle is fixed-time, with NADH as the coenzyme. ADP is added to stabilize glutamate dehydrogenase and prevent interference from endogenous plasma ADP. The reaction is linear to 400 imoI of ammonia per liter. The plasma sample volume is 100 tl and the whole procedure takes only 25 mm, including the 15-mm preincubation. The normal range for venous plasma was 44 ± 13.5 (SD) imol of ammonia per liter.
Estimation of blood ammonia is of value in management of hepatic coma (1) , iatrogenic hyperammonia in the newborn (2), Eck's fistula (3) , and Reye's syndrome (4) .
Many investigators (5) (6) (7) (8) (9) (10) (11) (12) have shown that enzymatic determination of ammonia is preferable because it is simple, specific, and rapid. It is based on the following reaction: a-Ketoglutarate + NH4 + NADH GLDH ± NAD + glutamate + H20.
When a-ketoglutarate, glutamate dehydrogenase (GLDH, EC 1.4.1.3), and reduced nicotinamide-adenine dinucleotide (NADH) are in excess, the equilibrium of the reaction is far to the right. The reaction can then be followed by measuring total consumption of NADH (5) (6) (7) (8) or by measuring the reaction rate (9) (10) (11) (12) . Determination of plasma ammonia by measuring total consumption of NADH is associated with some problems. With certain plasma samples the reaction does not come to completion even after 40 mm and a plasma blank is needed to correct for differences in color of the specimens. Therefore, in this method a fixed-time (twopoint) measurement of plasma ammonia is made by measuring the initial reaction rate.
Materials and Method

Specimens
Blood is collected into Becton-Dickinson BD No.
4204Q Vacutainer
Tubes containing disodium ethylenediaminetetraacetate, and the tubes are placed on ice. The plasma is immediately separated from the erythrocytes by centrifugation. The plasma can be stored at 4 #{176}C for as long as 2 h before analysis, or the plasma can be frozen in a mixture of crushed solid CO2 and acetone and stored at -20 #{176}C for as long as three days.
Apparatus
GEMSAEC Analyzer System
(Electro-Nucleonics, Inc., Fairfield, N.J. 07006). The principle and design of the centrifugal analyzer have been described elsewhere (13) .
Pipet man pipettes,
P 20, P 200, and P 1000, with disposable tips (Rainin Instrument Co., Boston, Mass.
02135).
Thelco Incubator, Model 2 (Precision Scientific Co., Chicago, Ill. 60647).
Reagents
Nitrogen-free water. Use triply distilled or glassdistilled, de-ionized water to make up all solutions.
Phosphate buffer, 67 mmol/liter, pH 8.0 ± 0.05. Add 5 ml of 67 mmol/ liter KH2PO4 to 95 ml of 67 mmol/ liter Na2HPO4.
NADH (Boehringer Mannheim Biochemicals, Indianapolis, md. 46250). Dissolve about 10 mg in 1 ml of phosphate buffer to give a solution with a concentration of about 10 mmol/liter.
The actual molarity of the NADH solution is determined by using the value for the molar absorptivity of NADH at 340 nm, 6.22 X 10 (14) . This solution is stable for five days when stored at 4 oc.
ADP Control. A control pool is prepared by diluting stock ammonia standard in isotonic saline to a concentration of 100 mol/liter and freezing 2-ml aliquots. The mean and control limits are established statistically from the analytical experience.
Procedure
Using Pipetman pipettes, load the distribution disc for the analysis of plasma ammonia as shown in Table  1 . Incubate the distribution disc for 15 mm at 37 #{176}C. Using the settings indicated in Table 2 , determine the initial reaction rates of the standards, specimens, and control with the analyzer. Prepare a calibration curve from the change in absorbance of the standards and calculate the values for the specimens and control. Figure 1 is an example of a typical calibration curve except that only the six above-mentioned concentrations of standard are routinely used to determine the calibration curve.
Results and Discussion
The concentrations of a-ketoglutarate used in enzymatic ammonia procedures range from 4.1 X 10 to 1.5 X 10-2 mol/liter (7, 9) . In our study, the optimal concentration for a-ketoglutarate ( Figure 2 ) was found to be essentially the same over this range, and the con- The ammonia sample was a 250 omol/Iiter ammonia standard centration of a-ketoglutarate we selected to use in our ammonia assay was 10 mmol/liter.
The pH optimum is different for reaction conditions under which one is measuring the activity of glutamate dehydrogenase ( Figure 3a ) than for those for the assay of ammonia (Figure 3b) . Three buffer systems, phosphate, tris(hydroxymethyl)methylammne, and triethanolamine, each at a concentration of 66.7 mmol/liter, were tested at pH values ranging from 7.2 to 9.3. For conditions under which the enzyme activity is assayed, the optimum pH for both tris(hydroxymethyl)methylamine and triethanolamine is pH 7.4 ± 0.05, while for phosphate buffer the optimum is a broad range from pH 7.4 to 9.2. The optimal pH for conditions for ammonia assay is 7.8 to 8.2 for triethanolamine, 8.4 ± 0.05 for tris(hydroxymethyl)methylamine, and 8.0 to 8.2 for phosphate buffer.
While performing these studies, we noted that glutamate dehydrogenase diluted 1000-fold in tris(hydroxymethyl)methylamine or triethanolamine buffers, without ADP stabilization, had after 3 h less than 0.1 the activity of the enzyme diluted in phosphate buffer. For this reason and because it is more convenient to use the same buffer for the assay of the enzyme and for the assay of ammonia, we thereafter used phosphate buffer, pH 8.0.
Da Fonseca-Woltheim (12) also found differences in the optimal pH for the two assay conditions for the GLDH reaction. Using tris(hydroxymethyl)methylamine buffer, da Fonseca-Woliheim reported an optimum pH of 8.6 for the assay of ammonia and 7.6 for the assay of glutamate dehydrogenase. This is similar to our findings. In five other papers (5, 7,8, 10, 11 Fig. 3b . Effect of pH and buffer on the rate of reaction, with an excess of glutamate dehydrogenase (88 mg/liter) and limited ammonium sulfate (50 tmoI/liter) buffer was selected for the enzyme assay at pH values within the range of the pH plateau for phosphate shown in Figure 3a , but only Van Anken and Schiphorst (11) chose a pH for the ammonia assay that was similar to ours.
The optimum amount of ADP to add to the reaction mixture is 500 tmol/liter (Figure 4 ), but the effect is about the same from 100 to 1000 mol/liter.
The wide optimum range includes the various amounts of ADP used by previous investigators (5, 8, 11, 12) . Di Prisco and Strecker (15) reported that ADP has a stabilizing action that prevents glutamate dehydrogenase from becoming dissociated to its inactive form by NADH at alkaline pH. With enough glutamate dehydrogenase present, the effect of ADP becomes neg- ligible ( Figure 5 ). However, at the optimum activity of glutamate dehydrogenase (16 kU/liter) the rate of change in absorbance is about doubled when 500 mol of ADP is added per liter. Also Figure 4 shows that the optimal amount of activity is about a third that needed when no ADP is used. This is similar to the enhancement by ADP reported by Van Anken and Schiphorst (11) . Because ADP has such a profound effect on glutamate dehydrogenase activity, adding ADP to the reaction mixture also serves to prevent uncontrolled effects of endogenous ADP in the plasma.
The optimum concentration of NADH was determined to be broad, ranging from 0.060 to 0.160 mmol/ liter ( Figure 6 ). While we chose 0.12 mmol/liter, this range of concentration includes that used by all other investigators except Jacobs et al. (10) and Mondzac et al. (7), who used 0.18 and 0.19 mmol/liter, respectively. Van Anken and Schiphorst (11) and da FonsecaWollheim (12) used NADPH instead of NADH to eliminate interference from other NADH-consuming systems. We chose NADH as our coenzyme because NADPH is about sevenfold more expensive and NADH gives a standard curve that is identical to that obtained using NADPH.
A study to determine the preincubation time necessary to eliminate any effect of endogenous NADHconsuming reactions, indicated that 15 mm at 30 or 37 #{176}C was adequate. For this study we used 10 specimens with either above-normal lactate dehydrogenase (EC 1.1.1.27) or aspartate aminotransferase (EC 2.6.1.1) activity, or both. In all cases, the change in absorbance caused by endogenous reactions was negligible after 15 NADH aol/liter X l0 Fig. 6 . Effect of NADHconcentration on the reaction rate of the plasma ammonia reaction mm. Any discrepancy found in preincubation time used by other investigators is a function of temperature differences for preincubation used by these investigators, because the endogenous reactions come to completion faster at the higher temperature.
The initial reaction velocity was measured after the reactants were mixed by measuring the decrease in absorbance of NADH at 340 nm between 10 and 70 s (Figure 7 ). (The decrease in absorbance for this time interval is not completely linear, but this is not critical, because the change in absorbance per minute is linear with the standard concentration.)
We compared the data obtained from seven 10-s readings to that obtained from the two readings at 10 and 70s and found that the resulting change in absorbance per minute was identical.
The glutamate dehydrogenase reaction for determining plasma ammonia on the GEMSAEC analyzer is linear to 400 omol/liter (Figure 1) . A typical standard curve, as shown in Figure 1 , had a y-intercept greater than zero, but ammonia determinations done on reagent blanks (containing all reagents but with water in place of specimen) usually had an absorbance in agreement with the y -intercept.
Values for the unknowns and controls were calculated directly off the curve without subtracting a reagent blank. The slope of the standard curve was determined from 20 standard curves over a 90-day period. These yielded a mean slope value of 0.40 ± 0.03 (1 SD) (y = zA, x = tmOl of NH3 per liter). This slope is much larger than that obtained by Ishihara et al. (9) (slope = 0.18, 20#{176}C), Jacobs et al. (10) (slope = 0.25, 35 #{176}C), or Van Anken et al. (11) (slope = 0.25, 25 #{176}C). The most probable reason for the variation in slope was variation in temperature used by the various investigators and from run to run in the instrument. Because of the variation, a new standard curve is determined with each run on the analyzer. This does not present a problem, because ammonia assays are not commonly requested and there is Normal values have been corrected from whole blood to plasma by use of the factor 1.45(16) .
room in the instrument for standards in addition to eight or nine specimens.
Within-day precision was determined from 26 duplicate determinations on plasma specimens, with use of two discs for the paired determination.
The SD3 and CV were determined to be 4.5 mol/liter and 4.8%, respectively. The overall precision was determined by doing single determinations of an aqueous control solution daily for 48 days. The SD was 5.5 tmol/liter, the CV 5.4%.
Accuracy of the enzymatic method for determining plasma ammonia was evaluated by analyzing a series of 11 additions to plasma of 50 imol/liter NH3, and 17 additions to plasma of 100 imol/liter NH3. The recovery values (±1 SD) were 94.2 ± 7.9% and 97.7 ± 6.2%, respectively. These compare well with the reports of Van Anken and Schiphorst (11) and Jacobs and Olthuis (10) .
The ammonia concentration in the plasma of 76 normal non-fasting healthy persons, ages 18-65 years, had a normal range of 17 to 71 (±2 SD) imol/liter, with a mean of 44 tmol/liter. Table 3 shows a comparison of our normal values with those reported by others in the literature. We have converted the values given by two of the investigators, Reichelt et al. (6) and Oreskes et al. (8) , from whole-blood ammonia nitrogen to plasma ammonia nitrogen, as calculated from the distribution of ammonia in erythrocytes and plasma as stated by Hummoller et al. (16) and assuming a normal hematocrit. Variation in normal values for plasma ammonia can be caused by several factors that adversely affect the ammonia determination, such as dirty clothing and cigarette smoke in the analysis area, as suggested by Gerron et al. (17) , who found that their normal-value range changed from 21-94 to 16-34 mol/liter when the analysis was performed in a specially regulated and cleaned laboratory.
Interference from hemolysis and jaundice was tested by adding 1,2, or 5 g of hemolysate per liter or 40 or 100
Calculated by the following formula:
n(n-1) where: n = number of samples; ZX2 = sum of squares of original sample value; and X sum of original sample values.
mg of bilirubin solution per liter to both plasma and a 200 smol/liter standard. Neither addition caused any interference with the determination. Because of a report by Greenstein and Leuthardt (18) that phosphate buffer increases the deamination of glutamine by increasing glutaminase activity (which has been reported as a contaminant of the GLDH preparation), we studied interference from glutamine. Plasma glutamine concentrations up to 1.37 mmol/liter produced no interference, and a report by Caesar (19) states that only one patient of the 35 studied with severe liver diseases had a plasma glutamine concentration as high as 1.30 mmol/liter.
However, glutamine concentrations of 3.42 and 6.85 mmol/liter resulted in an increased ammonia value of 29 and 38%, respectively.
The plasma of about 1% of our patients showed an interference with this method, detected by an essentially zero value for the undiluted specimen and values above normal for various dilutions of the plasma. Since these patients were receiving either levodopa or cephalothin, or both, we studied the effects of these two drugs and that of dopamine, the metabolite of levodopa. However, no in vitro interference could be demonstrated. Because the dilution eliminated the interfering effects, a twofold dilution is now run with all samples in order to detect a possible interference. The low volume of specimens and the fact that 15 determinations can be run simultaneously make this additional dilution convenient.
